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Positive Temperature Coefficient of Breakdown
\Voltage in 4H-SIC PN Junction Rectifiers

Philip G. Neudeck and Christian Fazi

Abstract—it has been suggested that once silicon carbide (SiC) 6H- and 4H-SiC rectifiers could not even reach their steady
technology overcomes some crystal growth obstacles, superiorstate breakdown voltage when subjected to a single;8.2
SiC semiconductor devices would supplant silicon in many high- pulse [11], [12]. It is doubtful that SiC devices with unstable

power applications. However, the property of positive tempera- . . - .
ture coefficient of breakdown voltage, a behavior crucial to real- breakdown properties could be reliably incorporated into many

izing excellent power device reliability, has not been observed in Kinds of power systems without paying cost penalties of
4H-SiC, which is presently the best-suited SiC polytype for power additional overvoltage protection circuitry and/or performance

device implementation. This paper reports the first experimental penalties of excessive reverse voltage derating.
measurements of stable positive temperature coefficient behavior Earlier measurements of SiC junctions with negative tem-

observed in 4H-SiC pn junction rectifiers. This research indicates i fficient breakd behavi h . d
that robust 4H-SiC power devices with high breakdown reliability perature coetricient breakdown behavior may have arisen due

should be achievable after SiC foundries reduce material defects t0 the presence of micropipes, dislocations, and deep level
such as micropipes, dislocations, and deep level impurities. impurity defects, all of which can be reduced or eliminated

by improvements to SiC crystal growth. Considering the
importance of stable breakdown properties to power device
reliability, it is crucial to ascertain whether unstable breakdown
HEORETICAL appraisals of SiC power devices haves a fundamental property of SiC that would not be solved by
suggested that once silicon carbide technology maturggstal growth improvements. This work sought to fabricate
sufficiently to overcome some developmental obstacles, S#ad study SiC devices with minimum crystal imperfections in
may supplant silicon in many high-power electronic applicarder to understand the true nature of breakdown in higher-
tions [1]-[3]. A property crucial to power device reliability isquality SiC junctions. Since crystal dislocation densities of SiC
the type of breakdown that occurs in high quality silicon powespilayers on commercial 6H- and 4H-SiC wafers are known
devices. Stable first-breakdown observed in silicon exhibitsi@ be on the order of 0cm=2, devices with areas less than
positive temperature coefficient of breakdown voltage that 3sx 10—> cm? were the primary focus of this work, so that
due to the decrease of the mean free path of an electron wiagdund half should be free of micropipes and dislocations [13].
a crystal lattice is heated. If no other transport mechanisryrthermore, a high quality epitaxial SiC growth process was
competes to destabilize a silicon junction during a constagployed in an attempt to minimize the presence of deep level
voltage pulse (that biases the diode into reverse breakdowrjpurities [14].
the breakdown current will decrease while the breakdown volt-
age increases as the junction heats up. This property is crucial II. EXPERIMENTAL
in preventing the formation of damaging hotspots and high-
current filaments during first breakdown. Devices exhibiting
negative temperature coefficient behavior could be destroy

o2 ansent o, et emporry s e i) i o e i e oo v
gime. g P fiveen2.5 x 1017 to 1.5 x 10'® cm™3 (as measured by

coefficient behavior focuses and intensifies breakdown curr(-E-Lr] Hz C-V profiling) were produced by atmospheric pressure
at localized junction hotspots forming high-current filament b 9 P y P P

; . chemical vapor deposition using source-gas Si/C atomic ratios
th?jnpt);]y,?gc\,?}"y ?:VTO?J? tze.jﬁzt'ﬁjen [Arfcleycﬁg.ers [0CESS comc-)f 0.16 in the nitrogen-doped and 0.99 in the aluminum-doped
: oW, P > bn . proce . layers [14], [16], [17]. A 2000—300@ thick aluminum etch
patible with commercial 6H- and 4H-SiC wafers (in which ; ' . ) :
. mask, which defined circular and square diode mesas ranging

the current flows vertical through the wafer parallel to the _6 4 .
: . - ) in area from7 x 10=% cm? to 4 x 10~* cn?, was applied
crystallographicc-axis) have exhibited negative temperatur(gmd atterned by metal liftoff. Diode mesas were defined b
coefficient of breakdown voltage behavior [6]-[10]. Further- P y : y

) . etching to a depth of approximately 281 using reactive ion
more, it has been experimentally demonstrated that sor&%hing with QOE’)/o CHEF:)plO%OZ atioﬁ/]v if W?[hachamber

Manuscript received September 5, 1996. pressure of 150 mtorr. The etch mask was employed as the
P. G. Neudeck is with NASA Lewis Research Center, Cleveland, OH 441%6pside device contact, while blanket deposited aluminum

I. INTRODUCTION

The SiC homoepilayer structure shown in Fig. 1 was grown
NASA Lewis on substrates cut from commercially available
] nT 4H silicon-face SiC substrates polished 3-gff the

USA. , served as a backside contact.
C. Fazi is with the U.S. Army Research Laboratory, Adelphi, MD 20783 . .

USA. All measurements were carried out in the dark at room
Publisher Item Identifier S 0741-3106(97)02247-7. temperature on a probing station. Fig. 2 shows a typical dc
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Fig. 1. 4H-SiC pn junction diode cross section. 0
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Fig. 2. Curve-tracer measured |-V characteristics4of2 x 10~° cm? Input Pulse ]
circular 4H-SiC pn junction rectifier recorded at room temperature ambient. \ Amplitude = 322 V

100
I-V characteristic obtained from a diode with n-layer doping,) | . L.M'N«"\,.__

of 4.3 x 1017 cm™3. Any diode which showed leakage current
prior to breakdown or an unsharp nonvertical breakdown knee
was excluded from further testing. The dc breakdown voltages
observed in this work were consistent with 4H-SiC pn junction
dc breakdown voltages reported in the literature [18]. o
Because self-heating can cause rectifier junction tempera- MRS | A i
. . ip . 0 100 200 300
tures to deviate significantly from ambient temperatures, we Time (ns)
did not rely on curve-tracer measurements recorded asF_a s R biey (£) and Ip(t) d lected
. . . . O, oom-temperature ambie 1_)‘1‘, an p(t ata collected on

f””?“?” of ambient temperature to ascertain the tempera_tlﬁ “SiC rectifier (same device as Fig. 2) when subjected to breakdown bias
variation of breakdown voltage. Instead, we recorded the tirp@ises from a charge-line circuit. The diode clearly exhibits the classic

evolution of device current and voltage during the breakdovgicon-like behavior of positive temperature coefficient of breakdown voltage
in fhat as the device heats up over the 200-ns pulse duration, the breakdown

process. As the device self-heated during the application Rhrent flow Ip(t) through the device decreases while the voltage(t)

a breakdown bias pulse, the sign of the breakdown voltag@oss the device increases in (b) and (c). The current spikes at the rising

temperature coefficient was determined from the voltage afi faIIi_ng edges of the pulse are due to displacement current, yvhile the peak

. L. conduction current of~2.5 A corresponds to a current density in excess of

current transient waveforms [4], [5]. Positive temperatug oo ajent.

coefficient was observed when the diode voltage increased

while diode current decreased as the device was heatedgjhg a dual-channel digitizing oscilloscope. The devices under

the bias pulse. Negative temperature coefficient behavior wast were checked between pulses for any changes in dc -V

observed when diode voltage decreased as diode currgifdracteristics.

increased during the pulse. Fig. 3 shows a series of device voltage and current wave-
The calibrated charge-line circuit used to conduct pulségrms as the input pulse amplitude was increased. All transient

measurements is described elsewhere [11]. This circuit revegisga in Fig. 3 was taken from the same 4H-SiC diode whose

biased the diodes by generating rectangular-shaped puldescharacteristics are displayed in Fig. 2. No measurable

of 200 ns width (with~1 ns risetime/falltime). The pulsescurrent (aside from displacement current spikes at the ris-

were manually triggered in a single-shot mode. The transiéngy and falling edges of the pulse) was observed for any

device voltage(Vp(¢) and current(I(¢) waveforms were input pulse amplitudes below the dc-measured breakdown

simultaneously recorded and stored for each applied pulsdtage. At input pulse amplitudes larger than the dc-measured
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breakdown voltage, significant conduction current flow i§. Petit, L. Keys, and A. Trunek at NASA Lewis Research
observed whileV(¢) becomes noticeably smaller than th€enter, Cleveland, OH.

input pulse amplitude due to clamping. The sign of the
breakdown voltage temperature coefficient could not be as-
certained from the relatively flat-topped voltage and current
data shown in Fig. 3(a), since the combination of self-heating
and/or temperature coefficient was too small to be observe 1
However, data taken at larger pulse amplitudes [Fig. 3(b
and (c)] clearly exhibit the classically stable and reliable2]
silicon-like behavior of positive temperature coefficient of
breakdown voltage. As the device heated up during the 200 ns
pulse duration, the breakdown curref(¢) through the
device decreased while the voltadg (t) across the device 4
increased. Approximately 2.5 A peak conduction current wags]
observed in Fig. 3(c) which corresponds to a current densi%]
in excess of 50000 A/ch Despite severe physical damage
to the contact metallization that prevented transient testing at
even larger pulse amplitudes, the dc-measured reverse |-V
characteristics of the diode remained unchanged from the
initial characteristics shown in Fig. 2. [71
As of this initial report, ten small-area diodes (out of 13 that
demonstrated sufficient-quality dc |-V characteristics to warg)
rant pulse-testing) exhibited positive temperature coefficient
breakdown. In the majority of positive temperature coefficient
devices, contact failures prevented pulse testing from reaching
sufficient pulse amplitudes to observe junction failure. Six 4H{°l
SiC diodes larger thah x 10=* cm? were pulse-tested and all
exhibited negative temperature coefficient breakdown behavior
leading to junction failure. Junction failures (as opposed ﬁo]
contact failures) were observed on all negative temperature
coefficient devices tested, regardless of device size.

[11
By studying diodes with junction areas small enough to
avoid dislocations and micropipes, we have observed positiv§
temperature coefficient of breakdown voltage behavior in 4I-[fl- ]
SiC rectifiers. The experimental results described above are
consistent with the hypothesis that defects can negativﬂ%]
impact the breakdown properties of SiC pn junctions. The
impact of deep level impurities and dopant carrier freezeout,
which have also been suggested as possible contributing
factors to unstable SiC breakdown behavior [6], [11], [12],
remain open questions to be investigated further. Neverthelel$4]
these results show that pn junction rectifiers with reliably
stable breakdown properties can be obtained in 4H-SiC. [1t]
indicates that robust 4H-SiC power devices with the same
high reliability of modern silicon power devices should bém]
achievable after SiC technology maturation greatly reduces
defects such as micropipes, dislocations, and deep levelslif
commercial SiC wafers and epilayers.

SUMMARY

(28]
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